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Two series of palladium based bi-metallic catalysts, Pd(1-x)Aux (x = 0.1, 0.12, 0.15 and 0.2 ) and PdmMn (M = Cu/Ag/Au;  
m, n = 0.9, 0.1) supported on TiO2-P-25, have been prepared and characterized by X-ray diffraction (XRD), Diffuse 
Reflectance Spectroscopy (DRS), Transmission Electron Microscopy (TEM), X-ray Photo-electron Spectroscopy (XPS) and 
Temperature Programmed Reduction (TPR). DRS and XPS studies indicate formation of nano scale alloys involving 
redistribution of charges within the metals. Selective hydrogenation of 1-heptyne in liquid phase has been studied on these 
catalysts at atmospheric pressure and in the temperature range 293–313 K. In the Pd(1-x)Aux series, the catalyst composition 
Pd0.9Au0.1 displays maximum activity, expressed as TOF. Activity pattern in Pd0.9M0.1 series follows the trend, Pd-Au > 
Pd-Ag = Pd-Cu > Pd. Selectivity for heptene formation is maintained at > 95% on all catalysts up to 60 min reaction time. 
Interplay of ensemble as well as ligand effects, acting simultaneously, influences the adsorption and activation of 1-heptyne, 
leading to higher activity on Pd-Au bimetallic catalyst vis-à-vis other bimetallic and mono metallic catalysts. 
Keywords: Hydrogenation, 1-Heptyne, Bimetallic palladium catalysts, Ensemble, Ligand effects, Adsorption, Activation of 
1-heptyne 
Selective hydrogenation of alkynes to the 
corresponding alkenes has been studied extensively in 
view of its industrial applications as well as the 
scientific and technological challenges therein, for 
designing efficient catalysts, understanding of the 
reaction pathways and associated process features1,2. 
While the selective hydrogenation of C2 to C4 alkynes, 
to yield the corresponding alkenes, constitute a series 
of crucial catalytic processes3 for purification and 
improving yields of basic petrochemicals (ethylene, 
propylene and 1,3-butadiene), hydrogenation of long 
chain alkynes (> C5)
4 and alkynols5 finds applications 
in pharmaceutical and fine chemicals manufacture. In 
this context, selective hydrogenation of 1-heptyne to 
heptene as a model reaction is being pursued in great 
detail6-16. Palladium based mono and bimetallic 
catalysts, have been studied extensively, to unravel the 
mode of functioning of the catalysts, improve activity 
and selectivity and optimize the hydrogenation process 
conditions. Choice of promoter elements6-8, nature of 
metal precursors9, supports, support nano structure and 
crystallite size10-13, type of catalyst micro structures 
(alloys, egg-shell configurations)14,15 and methods for 
preparation of catalysts16, 17 could influence the activity, 
selectivity and stability.  
Cu, Ag and Au are the commonly used 
promoters/second elements along with Pd for the 
selective hydrogenation of acetylene in ethylene rich 
streams1-3. For the hydrogenation of 1-heptyne, majority 
of the studies pertain to Pd-Au bimetallic catalysts15,17 
with only few on Pd-Cu6 and Pd-Ag8. The nature and the 
degree of interactions (geometric and electronic) 
between Pd and Au (or any second metal) depend on the 
composition/atomic ratio of the bimetallic catalysts. 
Most of the studies, however, are concerned with fixed 
composition of Pd & Au13,15,17. Though improvements in 
the performance of Pd catalysts with these promoters 
have been observed, a comparative study to elucidate the 
superior performance of Pd-Au bi-metallic catalysts for 
selective hydrogenation of 1-heptyne is lacking. We 
have, therefore, carried out a systematic study, involving 
the optimization of Pd-Au atomic ratio and 
understanding of the relative efficacy of group IB 
metals, Cu, Ag and Au, as promoters for Pd based  
bi-metallic catalysts, in order to gain a better insight into 
the functionalities for selective hydrogenation of  
1-heptyne. In Pd (1-x)Aux series of catalysts, variation in 
compositions up to x = 0.2 has been considered since 
dilution effects and consequent decrease in conversion is 
observed at higher values of x18. 
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Materials and Methods 
Palladium chloride, poly vinyl pyrrolidone (PVP), 
auric chloride and 1-heptyne were obtained from 
Sigma Aldrich. Ethylene glycol (EG), sodium 
hydroxide (NaOH), silver nitrate, copper nitrate and 
methanol obtained from Qualigens were used as such.  
 
Preparation of catalysts 
Mono metallic Pd (1% w/w) and bimetallic nano 
particles Pd(1-x)Aux (with x = 0.10, 0.12, 0.15 and 0.2) 
and PdmMn (M = Cu/Ag/Au, m = 0.9 and n = 0.1) 
supported on titania (P-25) were prepared by the 
reduction of H2 PdCl4 by ethylene glycol, in presence of 
NaOH and PVP as the stabilizer19. Typically, 16.5 mg of 
PdCl2 (0.059 mmol Pd) and 25 μL of concentrated 
HCl were mixed well in a 100 mL glass beaker to get 
H2PdCl4. A solution containing 25 mg of PVP (0.625 μmol) 
and 6 mL of ethylene glycol was added, followed by 
the addition of 0.75 mL of 0.31 M NaOH to H2PdCl4 
solution. The mixture was stirred for half an hour at 
60 °C to obtain a black colloidal suspension of Pd. To 
the Pd colloidal solution, 0.99 g of TiO2 (P-25) was 
added slowly and the temperature was increased to 
110 oC using an oil bath. The mixture was stirred 
continuously, till ethylene glycol was expelled. The 
catalyst was then dried in hot air oven overnight at 
100 °C to get mono metallic Pd/TiO2. 
Two sets of bimetallic catalysts, the first, Pd(1-x)Aux 
with x = 0.1, 0.12, 0.15 and 0.2 and the second, 
PdmMn with M = Cu/Ag/Au and m and n values of  
0.9 and 0.1 were prepared. Bimetallic catalysts of 
Pd(1-x) Aux series were prepared by taking appropriate 
quantities of PdCl2 and HAuCl4. For the preparation 
of Pd-M (M = Cu/Ag/Au) catalysts, appropriate 
quantities of PdCl2 and second metal salt (s)  
(Cu (NO3)2.5H2O/AgNO3/HAuCl4) were taken. In both 
cases Pd and the second metal salts were added to  
the impregnation solution prior to reduction by 
ethylene glycol. Reduction and further treatment 
carried out were similar to that adopted for 
monometallic Pd catalyst.  
 
Characterization of catalysts  
Powder XRD diffraction patterns for the catalysts 
were recorded by using Rigaku Miniflex II X-ray 
diffractometer with Cu-Kα (λ = 0.15418 nm) radiation in 
the 2θ range of 10º to 80º and at a scan rate of 3º/min. 
Temperature Programmed Reduction (H2-TPR) 
studies were carried out using Micromeritics 
Autochem II 2920 chemisorption analyser. For TPR, 
the catalysts were calcined in air at 300 °C, prior to 
TPR experiments. The calcined catalyst (50 mg) was 
pre-treated at 300 ºC in high purity Ar gas (25 cc/min) 
for 1 h and then cooled to room temperature in Ar 
flow. The gas was changed to 10% H2 in Ar  
(25 cc/min) at room temperature. After the 
stabilization of the baseline, TPR was started from RT 
to 700 ºC with a heating rate 10 ºC/min. 
Transmission electron micrographs were recorded 
using JEOL 3010 model microscope. Few milligrams 
of the reduced samples (1–2 mg) were dispersed in 
few mL (1–2 mL) of ethanol by ultra-sonication for 
15 min and a drop of the dispersion was placed on a 
carbon coated copper grid and allowed to dry in air at 
room temperature. Based on the mean particle size 
measured from TEM data, Pd metal dispersion was 
calculated using the formula20 
 
Dispersion %  
  
ρ    
 … (1) 
 
where, MPd is the molecular weight of Pd  
(106.4 g/mol), aPd is the atomic surface area of Pd 
(6.8×10-20 m2/atom), ρpd is the density of Pd (12.02 g/cm
3), 
Na is Avogadro’s number, and dnm is the average particle 
diameter (in nm) estimated from TEM data. 
X-ray photoelectron spectra of the reduced 
catalysts were recorded using Omicron 
Nanotechnology instrument with Mg-Kα radiation. 
The base pressure of the analysis chamber during the 
scan was 2×10-10 millibar. The pass energies for 
individual scan and survey scan are 20 and 100 eV, 
respectively. The spectra were recorded with a step 
width of 0.05 eV. The data were processed with the 
Casa XPS. 
DR spectra for the reduced catalysts in the  
UV-visible region were recorded using a Thermo 
Scientific Evolution 600 spectrophotometer equipped 
with a Praying Mantis DRS accessory. 
 
Hydrogenation of 1-heptyne  
Liquid phase hydrogenation of 1-heptyne was 
carried out in the temperature range 293–313K, at 
atmospheric pressure. Initially, 20 mg of catalyst was 
dispersed in 34.64 g (40 mL) of toluene in a three 
necked RB flask (Supplementary Data, Fig. S1). 
Hydrogen gas (20 mL/min) was bubbled continuously 
into toluene at 313 K for 2 h so as to maintain Pd in 
metallic state. Then, 0.6928 g of 1-heptyne (7.2 mmol 
or 1.96% w/w in toluene) was then added to initiate 
the reaction. Hydrogen flow was maintained 
throughout the reaction time (60 min). Stirring rate of 
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1000 rpm was maintained to eliminate mass transfer 
effects. Reactant and products were analyzed at 
regular time intervals by gas chromatography. Rates 
of hydrogenation (r) and Pd metal dispersion 
(calculated using eqn 1) values were utilized to 
compute turn over frequency (TOF) using eqn 219 
 
TOF s  
 
  %
 … (2) 
 
where r is the rate of hydrogenation (moles converted 
per second), ntot is the total number of Pd moles in the 
reactor. 
 
Results and Discussion 
Pd(1-x)Aux /TiO2 series of bimetallic catalysts 
No significant change in XRD patterns for  
Pd(1-x)Aux/TiO2 series of catalysts (Fig. S2) is 
observed, due to low metal loading. All d-lines 
characteristic of TiO2-P-25 phase were observed.  
DRS profiles (Fig. 1) for the Pd(1-x)Aux series of 
catalysts reveal the characteristic absorption band due 
to TiO2-P-25 support at 395 nm. While the Surface 
Plasmon Resonance (SPR) band attributed to Au nano 
particles at 562 nm is observed in the spectrum for 
mono metallic Au/TiO2, it is not observed in the 
spectra for bi-metallic Pd(1- x)Aux series of catalysts. 
The absence of SPR band in bi-metallic catalysts 
could be attributed to the formation of Pd-Au nano 
scale alloys involving electronic interactions between 
Pd and Au15,21,22. 
Transmission electron micrographs for Pd(1-x)Aux 
series of catalysts presented in Fig. 2, show the 
presence of spherical Pd nano particles with mean 
particle size in the range 5.0 to 6.0 nm (Table 1), with 
the exception of Pd0.8Au0.2/TiO2 catalyst ( 3.9 nm), 
indicating the perceptible ensemble effect at this 
composition. 
Pd-Au bimetallic catalysts are known15,21,22 to form 
alloys, as indicated by DRS profiles, involving charge 
transfer between Pd and Au. Electronic interactions 
between Pd and Au are considered as a two way 
Table 1 — Characterization and activity data for Pd(1-x)Aux series of catalysts 
Catalysts Particle size 
(nm) 
Tmax 
(°C) 
Rate 
(10-6mol/s) 
TOF 
(×10-3 s-1) 
Pd 5.4 64.7 0.9 16.0 
Pd0.9Au 0.1 6.0 66.2 2.4 65.0 
Pd0.88Au 0.12 5.7 65.2 1.2 29.0 
Pd0.85Au 0.15 5.5 66.0 0.96 26.0 
Pd0.8Au 0.2 3.9 60.4 1.6 30.0 
rates of hydrogenation calculated at 20±1% 1-heptyne conversion at 313 K 
 
Fig. 1 — Diffuse reflectance spectra for Pd(1-x)Aux series of 
catalysts: Au/TiO2 (1), Pd0.9Au0.1/TiO2 (2), Pd/TiO2 (3),,
Pd0.88Au0.12/TiO2 (4), Pd0.8Au0.2/TiO2 (5), and, Pd0.85 Au0.15/TiO2 (6).
Fig. 2 — Transmission electron micrographs for Pd(1-x)Aux
series of catalysts (a) Pd/TiO2, (b) Pd0.9Au0.1/TiO2,
(c) Pd0.88Au0.12/TiO2, (d) Pd0.85Au0.15/TiO2 and (e) Pd0.8Au0.2/TiO2.
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process, with Au gaining sp type electrons and losing 
d electrons while Pd loses sp electrons and gains  
d electrons23,24. This aspect is reflected in the XPS 
(Fig. 3) binding energy (BE) data for Pd(1-x)Aux series 
of catalysts presented in Table 2. 
Mono metallic Pd/TiO2 displays XPS peak at 335.8 eV 
corresponding to Pd 3d5/2 energy level, which is 
close to the BE value (335.5 eV) reported for 
Pd/TiO2-P-25
26. With the addition of Au, the binding 
energy values for Pd 3d5/2 energy level tend to 
decrease, due to charge transfer from Au to Pd, thus 
altering its d-band character23,24,26,27. Correspondingly, 
BE values for Au 4f7/2 (Fig. S2) also decrease (with 
respect to BE value of 84.2 eV reported for Au/TiO2) 
when Au content increases in the bi-metallic catalysts. 
Similar charge redistribution in Pd-Au alloys23,24 and 
Pd-Au nano size catalysts supported on rutile titania 
nano rods28 and in mixed anatase & rutile titania nano 
sheets29, resulting in the lowering of XPS binding 
energy values for both Pd and Au, with respect to the 
respective mono metallic systems, have been 
observed earlier. Lower binding energy values for 
both Pd & Au in this case could be due to two way 
charge transfer prevalent in Pd-Au bimetallic 
system23,24. Such changes in d-band character of Pd 
could lead to weak chemisorptions of  
reactants/ products24, vis-à-vis mono metallic Pd, thus 
influencing both activity and selectivity due to facile 
desorption of olefins. 
TPR patterns for Pd(1-x)Aux series of catalysts are 
presented in Fig. 4, wherein hydrogen evolution due 
to decomposition of the Pd hydride is observed for all 
catalysts of the series. 
According to Bonarowska et al.30 the 
characteristics of the Pd hydride decomposition peak 
(peak shape, distortion, peak maxima, and intensity) 
in Pd based bimetallic catalysts are governed by Pd 
crystallite size31, alloy formation32 and type of support 
and promoters33. As observed in Fig. 4, only one 
sharp peak with Tmax ~65–70 °C (Table 1), without 
 
 
Fig. 3 — XPS profiles for Pd 3d5/2 level for Pd(1-x)Aux series of catalysts: (a) Pd/TiO2, (b) Pd0.9 Au0.1/TiO2, (c) Pd 0.88Au0.12/TiO2, 
(d) Pd0.85Au0.15/TiO2 and (e) Pd0.8Au0.2/TiO2. 
Table 2 — XPS binding energy data for Pd(1-x)Aux and Pd-M 
series of catalysts 
Catalysts Pd 3d5/2 
(eV) 
Au 4f7/2 
(eV) 
Ag 3d5/2 
(eV) 
Cu 2p3/2 
(eV) 
Pd 335.8 - - - 
Pd0.9 Au0.1 335.6 84 - - 
Pd0.88 Au0.12 334.5 83.8 - - 
Pd 0.85 Au 0.15 334.9 83.7 - - 
Pd 0.8 Au 0.2 
Pd0.9 Ag0.1 
334.4 
334.5 
82.5 
- 
- 
366.6 
- 
- 
Pd0.9 Cu0.1 334.6 -  932.6 
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any distortion, is observed in all catalysts of the 
series, indicating that Pd crystallites are mono 
dispersed and small in size, which is actually the case, 
according to TEM data. However, the intensity of the 
hydride decomposition peaks decrease as Au content 
increases, indicating that in presence of Au, Pd 
hydride formation is retarded. Since the Pd crystallites 
sizes in the series are nearly the same, the observed 
decrease in hydride peak intensity could be ascribed 
to the electronic interactions between Pd and Au 
leading to alloy formation. 
Data on 1-heptyne conversion and selectivity for 
heptene, measured at 313 K at different time intervals 
for all Pd(1-x) Aux series of catalysts, are presented in 
Figs S3 and S4 respectively. Addition of Au to Pd 
brings about significant increase in 1-heptyne 
conversion and is dependent on Pd-Au composition. 
Table 1 gives intrinsic activity data for Pd(1-x)Aux 
series of catalysts, expressed in terms of TOF. Rates 
of 1-heptyne hydrogenation (measured at 313 K at 
20±1% heptyne conversion) and Pd dispersion values 
calculated from TEM crystallite sizes were used for 
computing TOF values.  
Addition of Au to Pd increases the intrinsic 
activity, as revealed by TOF values and maximum 
improvement in TOF with respect to mono metallic 
Pd/TiO2, is observed with the composition, Pd0.9Au0.1. 
In the absence of any significant variation in Pd 
crystallite size, the observed improvement in intrinsic 
activity could be due to the charge transfer between 
Au and Pd, as evidenced by DRS and XPS data. 
Lowering of Pd 3d5/2 BE with addition of Au to Pd 
signifies, in general, a decrease in the interaction 
energy or weak adsorption of 1-heptyne vis-à-vis 
adsorption on mono metallic Pd. This leads to an 
increase in activity with Pd0.9Au0.1. However, further 
decrease in BE with increasing Au content lowers the 
activity, possibly due to two factors, weaker 
adsorption of 1-heptyne and ensemble effect on 
adsorption of hydrogen. At higher Au loading, 
ensemble effect could reduce contiguous Pd sites, 
thus limiting the availability of active surface 
hydrogen species required for hydrogenation. 
Takehiro et al.34 have carried out theoretical as well as 
experimental studies on adsorption of hydrogen on 
bimetallic Pd-Au (111) surface alloys and have 
observed that ‘critical ensemble’ of 4 Pd atoms/Pd4 
tetramer is required for adsorption of hydrogen. 
Reduction in the uptake of hydrogen by nano sized 
Pd-Au bimetallic catalysts supported on CNT, with 
respect to the corresponding mono metallic Pd, has 
been reported by Wang et al.35. Thus, interplay of 
ligand as well as ensemble effects leads to an 
optimum Pd(1-x)Aux composition. Nearly 100% 
selectivity for heptene formation is observed in all 
Pd(1-x)Aux series of catalysts (Fig. S4), up to 60 min 
 
 
Fig. 4 — TPR patterns for Pd(1-x)Aux series of catalyst: (a) Pd/TiO2, (b) Pd0.9Au 0.1/TiO2, (c) Pd0.88Au 0.12/TiO2, (d) Pd0.85Au0.15/TiO2 and 
(e) Pd0.8Au0.2/TiO2. 
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indicating that selectivity is not altered with the 
addition of Au under the present experimental 
conditions.  
Based on this study, another series of catalysts, 
with composition Pd0.9M0.1 where M = Cu, Ag and 
Au, were prepared and investigated to understand the 
role of group IB elements as promoters for this 
reaction. 
 
Pd0.9M0.1/TiO2 (M = Cu, Ag Au) series of bimetallic catalysts 
X-Ray diffractograms for Pd0.9M0.1 (M = Cu, Ag 
Au) series catalysts do not display any significant 
change since the loading of the second metals is low. 
DRS profiles (Fig. 5) also do not display the 
characteristic SPR bands due to Ag & Au, while the 
corresponding mono metallic catalysts reveal distinct 
SPR bands at 429 nm and 562 nm respectively. 
Absence of SPR bands indicates alloy formation 
between Pd and Ag and Pd and Au15,21,22. 
TEM images for monometallic Pd and bimetallic 
Pd-M catalysts (Fig. 6) reveal the presence of 
spherical Pd nano particles with mean particle size in 
the range of 5–6 nm (Table 3). 
Changes in the d-band character of Pd brought out 
by addition of group IB elements are reflected in the 
XPS (Fig. 7) studies on Pd0.9M0.1 (M = Cu, Ag Au) 
series of catalysts. Binding energy (BE) values along 
with other characteristics of the bi-metallic catalysts 
are given in Table 2. With respect to the BE value of 
335.8 eV for Pd 3d5/2 core level for Pd/TiO2, the 
corresponding values for Pd-Au, Pd-Ag and Pd-Cu 
are lower, at 335.6, 334.5 and 334.6 eV respectively, 
indicating charge transfer from promoter elements to 
Pd, which is in coherence with earlier reports23-27,36. 
Though BE for Pd 3d5/2 in Pd-Ag is less by 1 eV, with 
 
 
Fig. 6 — Transmission electron micrographs for Pd-M series of catalysts: (a) Pd/TiO2, (b)Pd-Au/TiO2, (c) Pd-Ag/TiO2 and
(d) Pd-Cu/TiO2. 
 
 
Fig. 5 — Diffuse reflectance spectra for Pd-M series of catalysts: 
Cu/TiO2 (1), Au/TiO2 (2), Pd-Cu/TiO2 (3), Ag/TiO2 (4), 
Pd-Au/TiO2 (5), Pd/TiO2 (6) and Pd-Ag/TiO2 (7). 
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respect to that for mono metallic Pd, the activity for 
Pd-Ag is less than that for Pd-Au. This aspect needs 
further investigation. Shifts in BE values for group IB 
metals in the bimetallic catalysts (Table 2) vary, 
depending on the nature of the metal. BE value of 
932.6 eV for Cu 2p3/2 in Pd0.9Cu0.1 is close to the value 
observed for Cu0 in mono metallic Cu/TiO2
37.  
BE value of 366.6 eV observed for Ag 3d5/2 in Pd-Ag 
is close to that (366.3 eV) for Ag2+ supported on 
TiO2-P-25
38, possibly due to exposure to atmospheric 
oxygen. As reported earlier, BE for Au 4f7/2 is lower 
(–0.2 eV) at 84.0 eV compared to 84.2 eV reported 
for Au/TiO2. Accordingly the interaction energies for 
adsorption of 1-heptyne on these bimetallic catalysts 
are expected to vary. 
TPR patterns for Pd0.9M0.1 (M = Cu, Ag Au) series 
of catalysts presented in Fig. 8 prominently display 
characteristic hydride decomposition peaks.  
Table 3 — Characterization and activity data for Pd-M series of catalysts 
Catalysts Particle size 
(nm) 
Tmax 
(°C) 
Rate 
(10-6 mol/s) 
TOF 
(×10-3 s-1) 
Pd 5.4 64.7 0.74 19 
Pd0.9Au0.1 6.0 66.2 1.72 47 
Pd0.9Ag0.1 5.0 69.7 0.87 20 
Pd0.9Cu0.1 5.7 67.1 0.87 22 
rates of hydrogenation calculated at 20±1% 1-heptyne conversion at 303 K 
 
 
 
Fig. 7 —XPS profiles for Pd 3d5/2 level for Pd-M series of catalysts: (a)Pd/TiO2, (b)Pd-Au/TiO2, (c)Pd-Ag/TiO2  and (d) Pd-Cu/TiO2. 
 
 
 
Fig. 8 — TPR patterns for Pd-M series of catalysts: (a) Pd/TiO2, (b) Pd-Au/TiO2, (c)Pd-Ag/TiO2 and (d) Pd-Cu/TiO2. 
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As observed with the Pd(1-x)Aux series of catalysts, the 
peaks are sharp without any distortion, with Tmax in 
the range 66–70 °C (Table 3), indicating the presence 
of mono dispersed small bi-metallic clusters. 
However, the intensity of peaks vary, depending on 
the second metal used, with Pd-Au displaying 
maximum reduction in the intensity of hydride 
decomposition peak, indicating the degree of alloying 
and its effect on hydride formation. Composition of 
the bimetallic catalyst may also affect the hydride 
formation. In the TPR for Pd0.9-Cu0.1/Al2O3 catalyst 
Cai et al.39 observed hydride decomposition at 70 °C, 
but not with the catalysts having higher Cu content 
(Pd0.8Cu0.2 and Pd0.5Cu05). 
Data on conversion of 1-heptyne and selectivity to 
heptene, at different time intervals and reaction 
temperatures, on Pd0.9M0.1 (M = Cu. Ag &Au) series 
of catalysts, are presented in Figs S5 and S6 
respectively. Table 3 presents crystallite size, rates of 
hydrogenation at 303 K and the intrinsic activity, as 
revealed by TOF values, for the three bimetallic 
catalysts vis-à-vis mono metallic Pd/TiO2. All TOF 
values were calculated based on the rates for 
hydrogenation at 20±1% conversion of 1-heptyne. 
Maximum TOF value is displayed by Pd0.9Au0.1 while 
Pd0.9Ag0.1 and Pd0.9Cu0.1 exhibit nearly the same 
activity. Nearly 100% selectivity for heptene 
formation is observed with all the Pd-M bimetallic 
catalysts under the present experimental conditions. 
However, during extended runs up to 120 min after 
the complete conversion of 1-heptyne, only a small 
drop in heptene selectivity is observed which is much 
less, in comparison with a relatively steep drop 
observed for mono metallic Pd. A typical run data for 
Pd0.9Cu0.1/TiO2 versus Pd/TiO2 is illustrated in  
Fig. S7. It is thus clear that bimetallic catalysts ensure 
higher heptene selectivity at high 1-heptyne 
conversion levels as well.  
 Higher activity and selectivity of Pd-Au catalysts 
(with varying compositions) has been observed for 
other reactions like oxidation of CO40, hydro  
de-chlorination41, syntheses of H2O2
42 and vinyl 
acetate43. Ensemble (geometric) as well as ligand 
(electronic) effects are considered to be responsible 
for the improvement in activity of Pd-Au catalysts 
depending upon the reaction with both being effective 
simultaneously44.  
Recently, Liu et al.45 have reported high activity, 
selectivity and stability of Pd-Au single atom alloy 
(SAA) catalysts for liquid phase hydrogenation of  
1-hexyne at 5 bar pressure, while in the present work, 
the reaction has been carried out at atmospheric 
pressure. A comparative study of mono and bimetallic 
catalysts (Pd-M, M = Cu, Ag, Au) for 1-heptyne 
hydrogenation is lacking so far, though such studies 
for selective hydrogenation of acetylene in ethylene 
rich streams have been reported. Zhang et al .46 have 
observed that silica supported Pd-Au and Pd-Ag 
catalysts exhibit comparable activity and selectivity 
trends for selective hydrogenation of acetylene, 
wherein only ensemble effects were evident.  
Introduction of atoms with different sizes,  
Ag (144pm), Au (144pm) and Cu (128pm), into  
Pd (138 pm) lattice and the consequent lattice strain 
could induce changes in the d-band character of Pd47 
and hence the nature of adsorption/reactivity of 
acetylene. Such changes at atomic/electronic levels 
could be studied in detail with the help of 
theoretical/DFT calculations. In the case of Ni-M 
catalysts (M = Cu, Ag, Au) DFT calculations have 
shown that bi-metallic Ni-Au, with lowest adsorption 
energy for acetylene, in comparison with Ni-Ag,  
Ni-Cu and mono metallic Ni catalysts, displays 
maximum activity for acetylene conversion. Similar 
DFT calculations have been carried out by the same 
authors48 on Pd (211)-M (M = Cu, Ag and Au) 
catalysts. Based on the difference between the 
adsorption energy for ethylene and the energy barrier 
for ethylene hydrogenation, the authors have shown 
that Pd-Ag and Pd-Au display higher selectivity for 
ethylene formation vis-à-vis Pd-Cu. In a series of 
publications on selective hydrogenation of acetylene 
on Pd-M (M = Cu, Ag Au) single atom alloy (SAA) 
catalysts with M:Pd atomic ratio is in the range  
(1: 0.006 to 0.06), Pei et al.49-51 have observed that 
Pd-Cu is more active than Pd-Ag and Pd-Au. It is 
proposed that high activity observed for Pd-Cu is due 
to the atomic size of Cu, which facilitates proper 
distance between isolated Pd atoms, while the sizes of 
Ag and Au may not do so51. This is in contrast to the 
conclusions arrived at by Yang et al.47,48 on Ni and Pd 
based bimetallic catalysts. 
Our experimental results on 1-heptyne 
hydrogenation are in accordance with those reported 
by Yang et al. on Ni-M catalysts47,48 wherein Ni-Au 
catalyst displays maximum activity for hydrogenation 
of acetylene. Maximum activity (TOF) for 
hydrogenation of 1-heptyne in the present work is 
displayed by Pd0.9Au0.1. Results on DRS and XPS 
studies and the atomic size data on Pd, Cu, Ag and Au 
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indicate the influence of both ligand as well as 
ensemble effects in Pd-Au bimetallic catalyst in 
achieving higher activity and selectivity at higher 
conversions. 
 
Conclusions 
Selective hydrogenation of 1-heptyne to heptene 
has been investigated on two series of bimetallic 
catalysts, Pd(1-x)Aux and PdmMn, (M = Cu, Ag and Au) 
supported on TiO2-P-25, at atmospheric pressure and 
temperature range 293–313 K. DRS and XPS studies 
reveal nano scale alloy formation between Pd and the 
promoter elements in both series of catalysts, 
resulting in redistribution of charges which retards the 
formation of Pd hydride. In Pd(1-x)Aux series, 
maximum activity, expressed as TOF, is observed 
with the catalyst composition, Pd0.9Au0.1. In Pd0.9M0.1 
(M = Cu, Ag Au) series, the activity pattern follows 
the trend: Pd-Au > Pd-Ag = Pd-Cu > Pd. Complete 
selectivity towards heptene is observed in both series 
of catalysts up to 60 min of reaction time. Pd-M  
bi-metallic catalysts ensure higher heptene selectivity 
at high 1-heptyne conversion levels beyond 60 min. 
Interplay of ligand as well as ensemble effects, acting 
simultaneously, influence the adsorption and 
activation of 1-heptyne, leading to the observed 
activity patterns, with Pd-Au displaying maximum 
activity and selectivity. 
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